Abstract The influence of caloric restriction (CR) on hepatic sorbitol-metabolizing enzyme activities was investigated in young and old mice. Aldose reductase and sorbitol dehydrogenase activities were significantly lower in old CR mice than in old controls. Young CR mice showed decreased aldose reductase activity and a trend towards decreased sorbitol dehydrogenase when compared to controls. Metabolites of the pathway, namely sorbitol, glucose and fructose were decreased by CR in young and old mice. Pyruvate levels were decreased by CR in both young and old mice, while lactate decreased only in old CR. Malate levels increased in old CR but remained unchanged in young CR, when compared with controls. Accordingly, the lactate/pyruvate and malate/pyruvate ratios in young and old CR mice were increased, indicating increased NADH/NAD and NADPH/NADP redox couples, respectively. The results indicate that decreased glucose levels under CR conditions lead to decreased sorbitol pathway enzyme activities and metabolite levels, and could contribute to the beneficial effects of long-term CR through decreased sorbitol levels and NADPH sparing.
Introduction
Sorbitol is a sugar alcohol which is widely used as a food sweetener and is produced as a result of glucose reduction. In glucose metabolism, the sorbitol (polyol) pathway is considered to be of minor importance; however, it is implicated in increased oxidative stress and plays a critical role in the pathogenesis of diabetes (Chung et al. 2003; Jay et al. 2006) . Under normal physiological conditions, metabolism of glucose proceeds through its phosphorylation by hexokinase/glucokinase, with about 3% of the glucose being metabolized by the polyol pathway (Gonzalez et al. 1984; Ugochukwa and Figgers 2006) . However, under pathophysiological conditions such as hyperglycemia, the total amount of glucose metabolized by the polyol pathway can be as much as one-third of the total metabolized glucose (Chung et al. 2003; Gonzalez et al. 1984; Jay et al. 2006) , which leads to an overproduction of the polyol pathway products, namely sorbitol and fructose (Balendiran and Rajkumar 2005) .
The polyol pathway consists of two enzymes, aldose reductase (AR) (EC 1.1.1.21) and sorbitol dehydrogenase (SDH) (EC 1.1.1.14), with the former requiring NADPH while the latter NAD for their corresponding reactions (for reviews see El-Kabbani et al. 2004; Jeffery and Jörnvall 1988) . Expression of AR is known to be up-regulated by oxidative stress, resulting in the depletion of NADPH stores, which is also required for the activity of glutathione reductase and the regeneration of GSH (Ugochukwa and Figgers 2006) . Increased AR activity leads to increased levels of sorbitol, which accumulate due to cellular membrane impermeability (Iwata et al. 1990 ), producing hyperosmotic effects that result in cellular swelling, leading to various diabetic complications such as retinopathy, cataract, nephropathy and neuropathy (Gabbay 1973; Kador et al. 1985) .
Sorbitol dehydrogenase, a member of the alcohol dehydrogenase superfamily, is the second enzyme of the polyol pathway and plays a critical role in diabetic complications (Jeffery and Jörnvall 1988) . Increased oxidation of sorbitol to fructose has also been linked closely to vascular dysfunction (Tilton et al. 1995) . The enzyme has been shown to be inactivated by glycation, with large amounts of glycated enzyme found in the liver under diabetic conditions (Hoshi et al. 1996) . The enzyme is abundant in liver, kidney, and testis, while lower amounts are found in lens, brain and neuronal axons (Jeffery and Jörnvall 1988) . The presence of SDH in liver is responsible for the conversion of dietary sorbitol to fructose for further metabolism, while in kidneys it may play a role in the regulation of osmotic pressure by modulating sorbitol levels (Lee et al. 1985) .
Caloric restriction (CR), without malnutrition, has been shown to consistently delay pathophysiological changes and diseases and extend maximum life span in various organisms (Sohal and Weindruch 1996; Weindruch and Walford 1988) . The successful lifeextending effects of CR can only be achieved without inducing deficiency of any specific nutrient (Weindruch and Walford 1988) . However, after years of extensive research into CR, the mechanism(s) responsible for its beneficial effects remain unresolved. Previously, we have shown the long-term effects of CR on various metabolic pathways (Hagopian et al. 2003a (Hagopian et al. , b, 2004 (Hagopian et al. , 2005a (Hagopian et al. , b, 2008 . We hypothesize that under CR conditions, sorbitol pathway enzymes will show decreased activities due to the reduced levels of glucose, as shown previously (Hagopian et al. 2003a ). This would lead to decreased sorbitol pathway metabolite levels, which play a major role in the complications associated with pathophysiological conditions, such as diabetes. This would also result in the sparing of NADPH, which becomes available to other reductive pathways. Therefore, in this study, we investigated the activities of the sorbitol pathway enzymes and the levels of its metabolites, as well as several other metabolites, with the aim of establishing how CR influences these enzyme activities and metabolite levels.
Materials and methods

Chemicals
Chemicals and reagents used in this work were purchased from Sigma Chemical Company (St Louis, MO) or Roche diagnostics corporation (Indianapolis, IN). The protein assay kit was from Bio-Rad (Hercules, CA) and BSA standards were from Pierce (Rockford, IL).
Animals
Male C57Bl/6J mice were purchased from Charles River Laboratories (Wilmington, MA) at 1 month of age and housed singly, at 23°C and with a 12 h light/ 12 h dark light cycle. Animals were maintained in accordance with institutional and federal guidelines governing animal experimentation. The mice were fed ad libitum a non-purified diet, PLI 5001 (Purina Laboratories, St Louis, MO) for 1 month and at 2 months of age they were assigned either to the control or CR group and fed semi-purified diets, as described elsewhere (Pugh et al. 1999) . Control and CR mice had daily caloric intake of 12 and 9 kcal per animal, respectively. At the time of sacrifice, young animals were 3 months of age (1 month on either the control or CR diet) while old animals were 30 months of age (28 months on either the control or CR diet). These age groups were selected because 3-month-old mice represented young adults who were sexually mature and outside the peak period of rapid growth while the 30-month-old mice represented older animals.
Tissue preparation All mice were sacrificed, after an overnight fast, and livers harvested between 9:00 and 10:00 a.m. Livers were rapidly freeze-clamped in situ and placed immediately in liquid nitrogen and powdered, using a mortar and pestle, under liquid nitrogen. All powders were placed in cryogenic tubes and stored in liquid nitrogen for future use.
Enzyme activity assays
Powdered livers stored in liquid nitrogen were removed as rapidly as possible from the cryogenic tubes and placed in an ice-cold glass homogenizer, weighed and homogenized at a 1:10 ratio (w/v), centrifuged and the supernatants saved for assays. The sorbitol (polyol) metabolizing enzymes aldose reductase (EC 1.1.1.21) and sorbitol dehydrogenase (EC1.1.1.14) were assayed as described before (Gaynes and Watkins 1989) . All assays were performed at 30°C, using a Perkin Elmer Lambda 25 UV/ VIS spectrophotometer set at 340 nm and equipped with a Peltier heating control. Enzyme activities were expressed as lmol min -1 mg -1 protein using an extinction coefficient of 6.22 mM -1 cm -1 .
Liver metabolite measurements
Powders stored in liquid nitrogen were removed as rapidly as possible from the cryogenic tubes, weighed and homogenized in ice-cold 1 M perchloric acid using motor-driven, glass-Teflon homogenizers kept on ice during the homogenization. The homogenates were centrifuged and supernatants removed and neutralized with 1 M KOH, and the levels of malate (Hagopian et al. 2004) , fructose (Hagopian et al. 2005a) , sorbitol (Beutler 1984) , and glucose, lactate and pyruvate (Hagopian et al. 1991) were determined. All metabolites were expressed as lmol g -1 wet weight.
Other methods
Protein concentrations were determined with the Bio-Rad protein assay kit, using BSA as the standard. Statistical comparisons were performed using Student's t test where values of P \ 0.05 were taken as statistically significant.
Results
Sorbitol (polyol) pathway enzyme activities
The activities of the sorbitol pathway enzymes were measured in both young and old mice, fed either control or CR diets ( Fig. 1 ). In the case of AR (Fig. 1a) , a 24% (P \ 0.005) and 15% (P \ 0.05) decrease in activity in old and young CR mice, respectively, was observed when compared with their corresponding controls. Old controls showed 28% higher activity when compared with young controls (P \ 0.004), while no differences were observed between young and old CR mice.
In the case of SDH (Fig. 1b) , a 22% decrease in activity (P \ 0.004) was observed in old CR mice when compared with old controls, while a trend (P = 0.06) towards a decrease (9%) in activity of young CR was observed when compared with young controls. No significant differences were observed between young and old CR mice, however, a trend (P = 0.09) towards an increase in old controls (12.5%) was observed when compared with young controls.
Sorbitol pathway metabolite concentrations
The concentrations of the sorbitol pathway metabolites were determined. The levels of glucose (Fig. 2a) were significantly decreased in young (P \ 0.001) and old (P \ 0.001) CR mice, when compared with controls. Sorbitol levels (Fig. 2b) were also decreased significantly in both young (P \ 0.03) and old (P \ 0.004) CR mice when compared with their corresponding controls. This pattern was also observed for fructose (Fig. 2c) , with both young and old CR mice showing significantly decreased levels (P \ 0.02 and P \ 0.001, respectively).
When age-related comparisons were made, old CR mice showed decreased glucose levels (P \ 0.004) when compared with young CR, but no differences were observed between old and young controls (Fig. 2a) . In the case of sorbitol (Fig. 2b) , no agerelated differences were observed between old and young CR, however, old controls showed significantly higher (P \ 0.04) levels when compared with young controls. As for fructose (Fig. 2c) , no age related differences were observed between young and old controls or young and old CR mice.
Other metabolite concentrations
The concentrations of three other hepatic metabolites were also measured. The levels of pyruvate (Fig. 3a) were decreased significantly in young (P \ 0.001) and old (P \ 0.001) CR mice. Lactate levels (Fig. 3b) were also decreased significantly Fig. 1 Activities of aldose reductase (a) and sorbitol dehydrogenase (b) in livers of young and old mice. Activities were measured as described in the text and were mean ± SEM of at least five independent experiments and expressed as lmolmin -1 mg -1 protein. Controls solid bars, CR gray bars. Significance levels for a *P \ 0.005 old CR versus old control; P \ 0.05 young CR versus young control; à P \ 0.004 old control versus young control. Significance levels for b *P \ 0.004 old CR versus old control Fig. 2 Polyol pathway metabolite concentrations. Glucose (a), sorbitol (b), and fructose (c) were determined from the livers of young and old mice. All concentrations were mean ± SEM of at least five independent experiments and expressed as lmol g -1 wet weight. Controls solid bars, CR gray bars. Significance levels for a *P \ 0.001 old CR versus old control; P \ 0.001 young CR versus young control; § P \ 0.004 old CR versus young CR. Significance levels for b *P \ 0.003 old CR versus old control; P \ 0.03 young CR versus young control; à P \ 0.04 old control versus young control. Significance levels for c *P \ 0.001 old CR versus old control; P \ 0.02 young CR versus young control (P \ 0.04) in old CR mice when compared with controls, however, no differences between young control and CR mice were observed. Malate levels (Fig. 3c) showed increased levels (P \ 0.001) in old CR when compared with old controls but no differences between young controls and CR mice were observed.
When age-related comparisons were made, pyruvate levels (Fig. 3a) in old CR mice were significantly lower (P \ 0.001) than those of young CR, and old controls were lower that young controls (P \ 0.001). This pattern was also true for lactate (Fig. 3b) , where old control and CR levels were significantly lower (P \ 0.001) than the corresponding levels in young animals. A similar pattern was also observed for malate (Fig. 3c) , with old controls showing lower levels than young controls (P \ 0.001), as do old CR when compared with young CR (P \ 0.05).
Redox state
Using the values obtained from the above metabolite section, the Malate/Pyruvate and Lactate/Pyruvate ratios were calculated (Fig. 4) to give an indication of the NADPH/NADP and NADH/NAD redox couples, respectively. The results showed that Malate/Pyruvate ratio (Fig. 4a ) increased significantly in both young and old CR mice (P \ 0.001 for both) when compared with their corresponding controls. Similar pattern was also observed for Lactate/Pyruvate ratio (Fig. 4b) , with significant increases in old and young CR mice (P \ 0.001 and P \ 0.04, respectively) when compared with their corresponding controls.
To see if these ratios were influenced by age, the Malate/Pyruvate ratio was significantly higher (P \ 0.005) in old CR mice when compared with young CR (Fig. 4a) , while no differences were observed between ratios of old and young control mice. The same pattern was also observed for the Lactate/Pyruvate ratio (Fig. 4b) , with the ratio in old CR mice being significantly higher (P \ 0.004) than in the young CR, while no differences were observed between the ratios from young and old controls.
Discussion
The sorbitol (polyol) pathway (Fig. 5) under normal physiological conditions plays a minor role in glucose metabolism. However, under conditions of elevated glucose levels that result in saturation of the glycolytic pathway at the hexokinase step (Kinoshita et al. 1963) , the excess glucose is diverted to the polyol pathway to be metabolized to sorbitol and then to fructose (Gabbay 1973) . Our results show higher AR activity in young and old controls, when compared to young and old CR (Fig. 1a) , indicating that more glucose is entering the polyol pathway. This is supported by the fact that glucose levels were also high in young and old controls, when compared to young and old CR (Fig. 2a) , therefore, allowing the excess to be diverted to the polyol pathway. These events were, however, counteracted by CR, with significantly reduced glucose levels (Fig. 2a) resulting in decreased AR activity (Fig. 1a) . The glucose results from this study are similar to our previously reported hepatic glucose levels (Hagopian et al. 2003a ). The availability of glucose plays a major role in the activities of both the glycolytic and polyol pathways. This is evident from the effects of CR whereby decreased glycolysis under CR conditions is observed (Dhahbi et al. 1999; Hagopian et al. 2003a ), which includes a dramatic decrease in glucokinase activity (Hagopian et al. 2003a) , as well as decreased polyol pathway activity, as reported here. Therefore, it is possible to conclude that the higher activities of both AR and SDH of the controls observed in this study (Fig. 1a, b , respectively) were due to the levels of glucose that were high enough to result in the diversion of the excess amounts to the polyol pathway. On the other hand, CR resulted not only in decreased glucose levels but also in low glucokinase activity (Hagopian et al. 2003a) , and these decreased levels of glucose may have contributed to the decreased polyol pathway enzyme activities, possibly due to the lack of glucokinase saturation, which could allow the available glucose under CR conditions to be metabolized via glycolysis. Fig. 4 Metabolite ratios. Malate/Pyruvate (a) and Lactate/ Pyruvate (b) ratios were determined for young and old, control and CR animals. All ratios were mean ± SEM of at least six independent measurements. Significance levels for a *P \ 0.001 old CR versus old control; P \ 0.001 young CR versus young control; § P \ 0.005 old CR versus young CR. Significance levels for b *P \ 0.001 old CR versus old control; P \ 0.04 young CR versus young control; § P \ 0.004 old CR versus young CR Fig. 5 The sorbitol (polyol) metabolism pathway and its connection to other pathways. The two enzymes assayed were aldose reductase (AR) and sorbitol dehydrogenase (SDH). The metabolites measured were glucose, sorbitol, fructose, as well as lacatate and pyruvate. Arrows next to the metabolites indicate either higher (up arrow) or lower (down arrow) metabolite level under control (C) or caloric restriction (CR) conditions, respectively Decreased glucose levels could lead to decreased sorbitol levels by decreasing AR activity, and this in turn can decrease SDH activity (Fig. 1b) , due to decreased levels of sorbitol (Fig. 2b) . Decreased SDH activity and sorbitol levels could also lead to significantly decreased fructose levels in both old and young CR mice when compared with their corresponding controls (Fig. 2c) . The fructose results in this study are in agreement with our previous findings (Hagopian et al. 2005a ). These results indicate that by decreasing glucose availability by CR, the enzymes and metabolites of the polyol pathway are also decreased.
It is also interesting to note the effects of age on the polyol pathway enzyme activities and metabolite levels. Increased polyol pathway enzyme activities with age were observed in control mice (Fig. 1a, b ) which could correlate well with age-related pathophysiological conditions such as various diabetic complications (neuropathy, retinopathy, nephropathy) (Chung et al. 2003; El-Kabbani et al. 2004 ). This increase was significant for AR (Fig. 1a) while a trend towards an increase for SDH was observed (Fig. 1b) . However, the results also indicate that CR counteracted these age-related increases by lowering the activities of both AR and SDH (Fig. 1a, b) . Both enzymes from old CR mice showed activities that were similar or lower than the activities in young control or CR mice (Fig. 1a, b) . Our results are in agreement with previous findings in rat liver (Ugochukwa and Figgers 2006) where AR activity decreased under CR conditions. In that same study (Ugochukwa and Figgers 2006) no differences were observed in SDH activity and this agrees with our findings of no significant differences in SDH activity in young animals. In our study, decreases in SDH ?tul?> activity occurred only with long-term CR (28 months). Also, the previous study (Ugochukwa and Figgers 2006) did not investigate the influence of age on the activities. However, the lack of age-related SDH activity differences reported in our study between young and old controls was similar to a previous report from rat liver (Danh et al. 1985) . We did not observe any SDH activity differences between young and old CR (Fig. 1b) , and this was not investigated in the previous study (Danh et al. 1985) . It has also been reported that pathological conditions, such as hyperglycemia, high osmotic pressure and cancer, induce AR gene expression (Fujii et al. 1999) , therefore, it is quite possible that CR could have the opposite effect and that decreased AR activity under CR conditions could also be the result of decreased gene expression.
Increased glucose metabolism through the polyol pathway, due to increased AR activity, can influence the NADPH/NADP ratio. To determine the redox state, the levels of malate and pyruvate were measured and the Malate/Pyruvate ratio was taken as an indicator of the NADPH/NADP ratio. The interconversion of these two metabolites is catalyzed by malic enzyme and has been used for the determination of the NADPH/NADP ratio Veech et al. 1969) . The pyruvate and malate levels determined here (Fig. 3a, c) were in agreement with our previous findings (Hagopian et al. 2003a (Hagopian et al. , 2004 and clearly show that CR leads to a significantly higher Malate/Pyruvate ratio in both young and old mice, indicating a higher NADPH/NADP ratio (Fig. 4a) . This higher ratio in CR mice indicates higher NADPH levels at least partially due to decreased utilization by AR. It has been suggested previously that tissue damages under pathological conditions related to high glucose levels could be in part due to increased NADPH consumption by AR during glucose reduction (Sheetz and King 2002) . It is possible, therefore, to assume that CR has resulted in sparing NADPH utilization by AR and contributing to the overall provision of NADPH for other reductive systems. One such system is the glutathione reductase/glutathione peroxidase system, which is responsible for glutathione regeneration and detoxification of ROS and hydroperoxides, whereby a significant strain on the NADPH pool by other pathways could decrease the cell's ability to defend against oxidative stress (Engerman et al. 1994; Mullineaux and Creissen 1997; Srivastava et al. 2005) .
Also measured was the concentration of lactate (Fig. 3b) , and the results were in agreement with our previous findings (Hagopian et al. 2003a) . The values of lactate and pyruvate were then used to determine the Lactate/Pyruvate ratio, which in turn indicates the NADH/NAD ratio, and our results were in agreement with our previous finding (Hagopian et al. 2003a) , showing increased Lactate/Pyruvate ratio in young and old CR animals, when compared with their corresponding controls. The increased NADH/NAD and NADPH/NADP ratios indicate a more reduced state in CR animals. This increased reduced state is important since an oxidized state could increase prooxidant molecules like ROS, therefore, contributing to the aging process (Sohal and Weindruch 1996; Weindruch and Sohal 1997) . Moreover, the NADH/ NAD and NADPH/NADP ratios are of critical importance for the behavior of reducible and oxidizable substrates and the direction of reversible reaction such as glycolysis and gluconeogenesis (Krebs 1967) .
Our results indicate that under CR conditions, sorbitol pathway enzymes AR and SDH showed decreased activities, and the sorbitol pathway metabolites glucose, sorbitol and fructose decreased as well. These decreases correlate with increased NADPH/NADP and NADH/NAD ratios, indicating a shift from pro-oxidizing to a more reduced state under CR conditions. It is possible that these changes may be beneficial in terms of allowing more reducing equivalents to be available for various other pathways, such glutathione regeneration. Moreover, decreased sorbitol levels could help in decreasing the harmful role this polyol plays in various diabetic complications.
